Frost can cause serious economic losses in cranberry fields, particularly in northern regions. When the air temperature reaches a low critical threshold, sprinklers are operated to protect vines, to insure crop production and profitability. To avoid frost injury, proper positioning of temperature sensors is critical. A field experiment was designed and conducted to determine the optimal installation height of sensors above soil surface. Temperature data was used to investigate the spatial temperature gradient in the section of a cranberry field. A computer simulation of the temperature profile was performed to simulate the effect of wind velocity on the prediction of air temperature. For optimal use, sensors should be installed at the height of the canopy and several meters away from a dike. On nights with low wind velocities, the canopy air temperature was 2.7˚C below that of 500 cm above the ground. The sensors should be put at least five m away from a dike to avoid the transfer of heat from the dike to the sensor. Also, multiple sensors should be installed because of the large variations in air temperature that were measured across the experiment. The simulated temperature indicated that wind velocity strongly influenced the temperature estimation; the effect of the wind on temperatures gradients was greater when the wind velocity was low (<2.3 m/s).
Introduction
The USA and Canada are the leaders in the production of cranberries, producing 98% of the world's crop [1] . In the northern regions of North America, cranberries grow naturally in peat bogs, in which the thermal flow from the subsoil typically keeps the temperature of the plants above 0˚C even when the air temperature drops down to −10˚C [2] . Cranberries are intensively cultivated in sandy soils, and on cold spring nights, low temperatures may kill buds, flowers and plant tissue depending upon temperature and duration.
In many crops, buds and flowers are most vulnerable to freeze damage. Cold is the primary factor that limits agricultural production in temperate areas [3] .
Frost protection is one of the most important cultural practices in the production of cranberries [4] . Although flooding is used for protection from winter frost, sprinklers are typically used in the spring, summer and fall to protect the plants. Field temperatures are stabilized from the heat released by the freezing water. Following 17 cold nights, [5] found yield losses of 90% and a 15% reduction in the size of the berries in unprotected beds compared to berries in sprinkled beds. For unprotected vines, major losses occur when the frost persists for only one hour [4] . The critical air temperature threshold to begin irrigation is dependent on the cultivar and on the stage of growth. For example, with the 'Stevens' cultivar, the tolerance threshold is −5˚C at the cabbage head stage, −3˚C at the bud elongation stage, and −1˚C during the hook and bloom stage [6] . At a temperature of −2˚C, [7] found that 9% of the flowers died, whereas at −4˚C and −6˚C, the mortality of the flowers reached 45% and 76%, respectively. Similar results were found in cherries for which a difference of 1˚C (i.e. exposure for several hours to −6˚C vs −7˚C) resulted in the mortality of twice as many blooms [8] . In peaches, protection from frost with sprinklers resulted in a 12% blossom kill compared with 42% in a nonsprinkled area [9] . With grape wines, frost protection is essential to avoid the damaging effect of cold events [10] .
[10] and [11] recognized three types of cold spring nights. Radiation frost occurs on nights with clear skies and calm winds of less than 2.2 m/s, and this type of cold event is caused by radiational heat losses from the ground and solid objects (e.g. cranberry shoots), which results in an increase in air temperature with elevation above the crop. On advective freezing nights, when the winds exceed 4.5 m/s, a dangerous weather event can be anticipated with subfreezing temperatures that are associated with a large frontal system of cold air over an entire region. The third type of cold spring night is a combination of frost and freezing temperatures when the wind is between 2.2 and 4.5 m/s. Cranberry growers noticed that for most of the nights requiring frost protection wind velocity was low.
Freezing nights can be catastrophic because sprinklers are not effective when the air temperature is below −8˚C.
Traditional frost protection management systems use wired sensors installed a few meters from the dikes; when a critically low temperature is reached those sensors send an alarm via a phone line. The newer generation of frost protection systems includes real-time temperature monitoring and automated pumps that start when air temperature reaches the critical threshold. Monitoring of temper- •ha −1 of water on a typical night.
The cranberry guide [4] recommends that temperature sensors be installed at the top of the vines; however, there is no documentation from the literature to support this recommendation. Additionally, despite that recommendation, our own survey showed that some growers install their temperature probes at different heights, which varied from into the vines to one meter above the canopy. Although these growers are convinced that their sensors are correctly located, an incorrect positioning of the temperature probes within the vertical profile above the cranberry field would bias the temperature measurements and could lead to significant damages to the crop.
This study was performed in two phases: a field experiment and a computer simulation. The field experiment was to determine the best vertical position of temperature probes in the field for frost control decisions. The second part was designed to investigate the effects of the dikes and wind velocities on the temperature distribution profile across a cranberry field.
Materials and Methods

Field Experiment
Experimental Site
The field experiment was conducted in four adjacent cranberry beds (46˚17'N; 71˚59'W) located in the Canadian province of Québec (Figure 1 
Measurements
For the field experiment, eight measurement towers were installed in the beds ( 
Computer Simulation
Airflow
To calculate the airflow over the field, we used the compressible flow approximation, in which variations in air density are calculated as a function of flow velocity. For the inflow profile of the wind velocity, we considered time-dependent solutions for constant boundary conditions. When body forces, such as buoyancy, were ignored, the airflow over the field was described with the Navier-Stokes (NS) and continuity equations with laminar flow [12] . Nevertheless, surface turbulence can influence the transport and exchange of heat between the surface and atmosphere [13] but was not considered in this study. Assuming laminar flow conditions, the Newtonian fluid NS-equation and the continuity equation are written as: 
Heat Transfer in Fluids
The transfer of energy in the air domain over the field surface is described by Equation (3) [14] as follows:
where ρ [kg•m ] is the thermal conductivity, which is considered isotropic for the domain.
Boundary Conditions
Airflow: To solve this aerodynamic problem, we specified the appropriate boundary conditions ( Figure 2) ; there are four types of boundaries in this problem. The inflow boundary is on the left side from which airflow enters the domain with a constant parabolic velocity profile. The vertical velocity flow component is zero because the wind blows across a wide, flat region (5 m) before the embankment, at which point the even flow was disturbed. On the right side, an outflow boundary condition is set from which air flows out of the domain. Assumed to be free, the outflow is controlled only by the pressure gradient that is generated inside the domain. At the internal bottom of the domain, a wall with a no-slip (u = 0) condition was used and, at the top, we consider the boundary condition to be open. The initial condition is to u = 0 for the entire domain at t = 0.
Heat transfer: We use only two types of boundary conditions for the heat transfer differential equation. For the left, bottom and right boundaries, the thermal insulation boundary conditions is set to zero inward heat flux normal to the boundary. For the upper boundary, a constant temperature boundary condition is chosen to account for the effects of atmospheric temperatures. For the 
Results and Discussion
Field Experiment
Optimal Installation Height for Temperature Sensors
The climatic data for the eleven nights are shown in Table 1 . On both types of night (calm and turbulent), the coldest position was 12 cm above the ground, near the buds (Table 2) . On calm nights, the temperature was significantly higher at 6, 25, and 50 cm above the ground than at canopy height (12 cm above ground). The average temperature at 12 cm was 1.43˚C colder than at 50 cm Table 2 . Statistical comparison of air temperature at 6, 25, and 50 cm height above ground vs temperature at canopy height (12 cm above the ground). Mean air temperature at each height is the average of n nights and was computed from measurements carried out between midnight and 5:45.
Average Temperature (˚C) Height (cm) Calm (n = 6) Turbulent (n = 5) Table 2 ). The greatest difference in temperature recorded between two heights simultaneously was 4.4˚C, when the temperature was −0.3˚C at 12 cm and 4.1˚C at 50 cm above ground. The differences in air temperature with height were not significant on turbulent nights. The temperature distributions on one typical calm laminar night and one typical turbulent night are shown in Figure 3 . The temperature dropped rapidly from 6.1˚C at 00:00 to −0.1˚C three hours later at 12 cm above the ground on a calm night. When the minimum temperature was reached at 12 cm, the temperatures at 6, 25, and 50 cm above the ground were on average 0.7˚C, 0.9˚C and 1.6˚C higher than at 12 cm, respectively. This has an important impact. If the temperature threshold to start irrigation had been set at 1.0˚C on that night, the irrigation would have started at 02:15 based on measurements from the sensors installed at bud height. Table 2 ); (b) typical turbulent night (Night 2 in Table 2 ). If the sensors were installed at 25 cm above the ground, the irrigation would have been delayed by 195 min, whereas no frost protection would have been required based on temperature readings at 6 and 50 cm above the ground. On a typical turbulent night, when the minimum temperature was reached at 12 cm above ground, the average temperatures at 6, 25, and 50 cm were 0.1˚C, 0.1˚C, and 0.2˚C higher than that at 12 cm, respectively, and the temperatures remained largely stable between 00:00 and 06:00. The rapid decline in temperature on calm nights reflects the importance for growers to rely on a system for which data are rapidly transmitted instead of relying on manual readings. With automation, a difference as small as 0.1˚C would determine whether or not start the irrigation for frost protection. Sensors that are misplaced could lead to unprotected vines when protection is required.
Spatial Variation in Air Temperature across the Field
Although the towers were installed in the same block of beds, large spatial differences were measured. Considering only the height of 12 cm above the ground for a laminar night (Figure 3 
Air Temperature Variations across a Bed
The relationship between the temperature and the distance from the ditch was investigated on 13 spring nights with probes placed 12.5 cm above the ground. 
Temperature Profile Simulations
The temperature profiles for the transverse section of the field are presented in , a strong influence of the dike on the distribution of temperatures is observed, likely because the effects of low wind velocity on the mixing and because the wall limit layer effect is small. This relationship would have a strong effect on temperature prediction and frost management if the grower were to place the temperature probe near the edge of the field when the wind velocity is low (u < 2.3 m•s −1 ); the grower might have a 1˚C to 2˚C difference compared to the middle of the field. Thus, the grower might overestimate the temperature and choose not to operate sprinklers, causing frost damage to the crop and losses in productivity. When the wind velocity increases (Figure 6 (b) and Figure 6(c) ), the mixing effect also increases, and the temperature profile is more uniform. Additionally, the wall limit layer effect was not evident, and the difference between the near-dike and mid-field temperatures decreased. The risk of temperature overestimation is lower for high wind velocities (u > 2.3 m•s −1 ) than for low wind velocities.
Conclusions
The field experiments showed that temperature sensors should be installed at canopy height where the buds are located (~12 cm above ground). The temperature sensors that were installed 50 cm above ground recorded temperatures that were significantly higher than temperatures at 12 cm on low wind nights, with a maximum difference of 4.4˚C. When the sensors were installed close to a dike, the heat from the dike led to higher temperature readings, which could leave unprotected vines further from the dike despite they required frost protection. The variability of temperatures in one block of beds highlighted the importance to have multiple temperature sensors on a farm. Therefore, an automated frost protection system that use multiple sensors installed at the canopy height, could more accurately predict frost risk and conserve water and energy.
The temperature simulations indicated that the wind velocity associated with the wall limit layer might cause an error in the estimation of field temperatures, an error potentially harmful for crop productivity. The errors in the estimation of temperature were more likely when the wind velocity was less than 2.3 m•s −1 . At higher wind velocities, the air is mixed, which effectively homogenizes the temperature profile across the field and reduces the dike protection effect.
